Our conventional view of multicellular organisms often overlooks the fact that they are metaorganisms. They consist of a host, which is comprised of both a community of selfreplicating cells that can compete as well as cooperate and a community of associated microorganisms. This newly discovered complexity raises a profound challenge: How to maintain such a multicellular association that includes independently replicating units and even different genotypes? Here, we identify competing forces acting at the host tissue level, the host-microbe interface, and within the microbial community as key factors to maintain the metaorganism Hydra. 
| INTRODUCTION
The "metaorganism" concept [1] [2] [3] [4] considers the dynamic communities of microorganisms on epithelial surfaces as an integral part of the functionality of the respective organism itself. Today there is also an increasing appreciation that microbes are an essential part of the animal phenotype influencing fitness and thus ecologically important traits of their hosts. [5] [6] [7] Disease onset is seen as a complex set of interactions among a variety of associated partners that affect the fitness of the collective metaorganism. 8 Discovering that individuals are not solitary, homogenous entities but consist of complex communities of many species that likely evolved during billion years of coexistence led to the hologenome theory of evolution, 1, 9, 10 which considers the holobiont with its hologenome as the unit of selection in evolution (Box 1).
Current research is focused on understanding the general principles by which these complex host-microbe communities function and evolve. Which selective forces drive the evolution of these interactions, ie, how do the associated organisms influence each other's fitness? Which forces shape the colonizing microbial composition? The recognition that microbes are an integral part of higher organisms, and that they live in a complex and stable community with dynamic interactions both internally and toward the host, often results in the misunderstanding of considering these interactions as purely beneficial and cooperative. In reality, interactions within a given holobiont can range from cooperative to competitive to even parasitic. While in cooperative interactions both partners benefit from each other, competition usually results in resource partitioning.
Due to progress in deep sequencing in the last decade, we got accustomed to the idea of organisms as holobionts and the complexity of interactions between host and associated microbial cells (metaorganisms). However, we often forget that in addition to interactions between host cells and microbes, multicellular organisms per se are a complex "society of cells" 11, 12 consisting of independently replicating cells which adapt their replication rate to the environmental condition.
These considerations indicate that ensuring functional homogeneity of tissue and maintaining a multicellular collective should be considered as multilevel phenomena that extend from the cell to the tissue to the organismal-and ultimately to the metaorganismal levels. The considerations also raise a profound and largely unexplored challenge: what
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are the mechanisms allowing an organism to function as a multicellular association of independently replicating cells of different genotypes?
From an evolutionary biology perspective, multicellular organisms are the result of a "major evolutionary transition" in individuality, where previously independently replicating cells gave up their right on autonomous replication to reproduce only as part of the higher-level entity. 11, [13] [14] [15] Resolution of conflict between the cells appears key to such a transition.
Here, we introduce Hydra as a valuable model for exploring the competing forces in a metaorganism. Hydra is member of the animal phylum cnidaria which are not only among the earliest known phyletic lineages that contain stem cells as well as neurons but also possess most of the gene families found in bilaterians. [16] [17] [18] [19] [20] Similar to other animals, cnidaria are multicellular complex holobionts consisting of the diploblastic animal host and its associated endogenous microbiota. In Hydra, host tissue integrity and multicellular organization are defended by both an elaborate innate immune response 21 and phagocytic processes 22, 23 which together form a robust and critical system through which self is distinguished from non-self, pathogenic signals are recognized and eliminated, and host tissue homeostasis is maintained.
In addition, interspecies interactions between the host and its stable microbiome, interactions between photosynthetic algae and their host cells, as well as interactions within the microbial community 24 are further important components of the Hydra metaorganism. Disturbance or shifts in any of these interactions partners can compromise the health of the whole animal. 25 As the uncovered basic molecular machinery can be transliterated to more complex organisms and promises to provide conceptual insights into the complexity of host-microbe interactions, an in-depth knowledge of the basic biology of each of the members of the Hydra holobiont and the corresponding interactions might be informative to understanding more complex metaorganisms such as vertebrates and humans. This comparison seems to be important in light of the increasing number of chronic and non-communicable diseases observed in the last decades and the need for testing the hypothesis that microbial and other environmental challenges are the main causative factors of disease manifestation in genetically susceptible individuals.
| CELL-CELL COMPETITION IN THE ANIMAL HOST
Hydra is a unique model system to study tissue homeostasis due to its extraordinary regenerative capacity and the continuous self-renewal and differentiating potential of its epithelial and interstitial stem cells.
These properties are related to the fact that these animals continuously reproduce asexually by budding. [26] [27] [28] Regeneration and continuous self-renewal is due to the presence of three stem cell lineages:
ectodermal and endodermal epithelial cells and interstitial stem cells.
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The long-term persistence of three independent stem cell lineages in a given organism represents a profound challenge to the animal: how to maintain a cellular collective comprised of reproductively independent cells in a constantly changing environment? From the molecular view, autophagy and apoptosis are generally seen as key mechanisms that maintain the whole organism at the expense of individual cells. [30] [31] [32] Autophagy is a cell protective process with a role in nutrient starvation. 33 When nutrients are restricted, cells elaborate double-walled membranes known as phagophores, which enclose cell constituents to form autophagosomes that subsequently fuse with lysosomes to produce autophagolysosomes. Studies of nutrient deprivation in
Hydra have shown that well-fed animals starved for 10 days start to induce autophagy. 34 In addition, epithelial cells in Hydra also possess an intrinsic defense mechanism against competing neighbors which is strictly environment dependent and was described previously 22 as apoptosis. Hydra polyps grow continuously due to proliferation of epithelial and interstitial stem cells throughout the body column. However, polyps do not increase in size as cells are continuously transferred to asexual buds, which form on the lower body column, and are lost at the tentacle tips and in the basal disk. Budding is dependent on feeding: well-fed polyps produce roughly one bud per day; starved polyps cease to form buds after 1-2 days. Unexpectedly, our early work has shown that this striking dependence of budding on feeding is not due to a change in cell proliferation, as initially anticipated, but rather to apoptosis. 22 Rapid cell proliferation detected as an increase in the 3H-thymidine labeling index occurs in both well-fed and starved animals. The increase in cell numbers, however, is dramatically different:
cell numbers increase exponentially in fed animals but do not change in starved animals. This difference is due to an increased rate of apoptosis in starving polyps. Bosch Hologenome: Genetic information encoded in the eukaryotic host and all of its associated partners. This collective genome forms the theoretical genetic repertoire of a holobiont.
Metaorganism: Includes the function of a holobiont in a given environment. The function of a holobiont depends on (i) presence and composition of the associated partners, framing the genetic potential of the holobiont the hologenome; (ii) the activity, abundance, and the transcriptional active part of the genome of every single partner of the holobiont; (iii) this subsequently results in interactions between host-microbe and microbe-microbe, which finally must be retained at homeostasis in order to maintain a stable holobiont. To emphasize this highly dynamic functional state (capacity) of a holobiont, we refer to it in the following as metaorganism.
box O) transcription factors play an important role in stem cell biology and tissue homeostasis. During aging, for example, the balance of removal and regeneration of cells in tissues becomes disturbed mainly due to a decrease in the regenerative potential of adult stem cells. In line with this, comparing the phylogenetic tree of the Hydra species with the according cluster tree of associated bacterial communities reveals a high degree of congruency. 42 This strongly indicates that distinct competing forces are imposed on and within the Hydra epithelium.
In the absence of an adaptive immune system, Hydra employs an elaborate innate immune system to detect and interact with microbes using their two cell layers as efficient defense barriers. 44 Invading microorganisms first have to overcome the physicochemical barrier represented by the multilayered glycocalyx that covers the ectodermal epithelium. 45 Complex cellular and humoral pathways represent the second arm of Hydra's immunity. 21 Cellular mechanisms include phagocytosis, tissue repair and regeneration, and apoptotic reactions. Apart from these cellular mechanisms, Hydra possesses a broad range of antimicrobial factors such as antimicrobial peptides (AMPs; Figure 1 ) and kazal 2-type protease inhibitors. 44 Antimicrobial peptides produced in adult polyps include hydramacin 21 and arminin 46 to control bacterial colonization via MyD88 in ectoderm epithelial cells. 48 Comparing the bacterial load of these ing Drosophila, 49, 50 C. elegans, 51 and Hydra. 37 In Hydra, the microbiome is selectively assembled by a species-specific combination of AMPs which are predominantly expressed in epithelial cells. 42 Remarkably, loss of tissue homeostasis as well as AMP deficiency result in a decreased potential to select for microbial communities resembling the polyps native microbiota. 25, 42 Transgenic Hydra polyps in which the single FoxO gene is downregulated show in addition to problems in stem cell maintenance a severe change in the immune status and drastically altered expression of AMPs. 37 The intimacy of the interaction between host and microbiota, as well as the high evolutionary pressure to maintain a specific microbiota, points to the significance of the interkingdom association and implies that hosts deprived of their microbiota should be at a disadvantage. To investigate the effect of absence of microbiota in Hydra we have produced gnotobiotic Hydra polyps that are devoid of any bacteria. While morphologically no differences could be observed to control polyps, we presented evidence that Hydra lacking bacteria suffer from fungal infections unknown in normally cultured polyps. 53 Removing the epithelial microbiota results in lethal infection by the filamentous fungus Fusarium sp. Restoring the complex microbiota in gnotobiotic polyps prevents pathogen infection. While mono-associations with distinct members of the microbiota fail to provide full protection, additive and synergistic interactions of commensal bacteria are contributing to full fungal resistance. These observations highlight the importance of resident microbiota diversity as a protective factor against pathogen infections.
Observations in a number of other invertebrates and vertebrates strongly support the view that in addition to being integral components of the innate immune system, microbes should also be con- 
| COMPETING FORCES ARE ALSO THE KEY COMPONENTS IN SHAPING THE BACTERIAL COMMUNITY
Microbial species rarely exist in isolation or as single-species populations but rather as dense and often diverse communities as detected by several studies in a range of habitats. 54, 55 This suggests that microbial interactions play a pivotal role in the establishment and resilience of populations in different abiotic environments. The same is thought to be true for eukaryotic organisms as they function as environments for their associated microbes and have been co-evolving with them.
That is evident in host mechanisms that do not simply exclude all microbes from the environmentally exposed host surfaces but finely regulate the associated bacterial communities. 56 This can also be observed for the host Hydra, where the associated microbiome is not a random assemblage of bacteria from the environment, but a very specific community despite the fact that the polyps are in continuous close contact with the surrounding bacterioplankton. 41, 42, 44 From the available pool, bacteria are selectively recruited, depending on not only host immunity and genetic background 42, 44 but also on the interactions between the co-occurring microbes, host physiology, and the specific environmental conditions. 57, 58 Evidence has accumulated that hosts should be viewed as "ecosystem engineers that manipulate general, system-wide properties of microbial communities to their benefit". 
| Microbial colonization of Hydra
Before colonization, microbes must reach a host's surface, likely through diffusive or convective passage and active swimming. 60 In a recent article Tout et al. 61 suggest that motility and chemotaxis are important bacterial traits for the establishment of specific coralbacterial interactions. They outline the mechanism through which chemical gradients associated with coral surfaces attract particular microbial species and so lead to the specific composition of coral reef bacterial communities.
This might also be true for Hydra, as motility and chemotaxis are prevalent traits among the Hydra-associated bacteria [ (62) A critical step in the process of colonization is the adhesion to a surface, which can either be reversible or irreversible. 64 It is postulated that the colonization potential of a bacterium on various substrates can be described by its "secretome", which includes both the secretion systems and their protein substrates. 64 This concept offers not only a lot of potential in terms of investigating colonization factors in the context of infection but also in determining their involvement in the colonization of host species by their specific microbiota. 64 It is, however, unlikely that hosts are merely passive bystanders in the colonization process as there is selection on hosts for managing their microbiome. 65 The role of host factors in regulating microbial adhesion at epithelial surfaces has recently been addressed by McLoughlin et al. 66 Using an individual-based modeling approach, they predict that the host changes the competitive potential of particular microbes and can also create refugia for slow-growing species. The host can, for example, select for or against certain microbes through the release of specific adhesive molecules from its epithelial surfaces or through an increase in mucus flow, respectively. There is evidence from the Hydra system that supports the model prediction that the host selects for specific by an effective and specific antimicrobial defense system, which has been termed Hydra's "be prepared" embryo-protection strategy. 48 This early defense is composed of maternally synthesized AMPs of the periculin family that shape the initial colonizing bacterial community. The cuticle stage in contrast is characterized by a ~30-fold increase in bacterial load. One explanation for this could be that this is a stage where the host does not possess any control, and it thus functions as a passive settling substrate for the bacteria. 48 Alternatively the host could also actively promote growth and attachment of a very specific bacterial community by host-epithelial feeding (spike and cuticle stage are characterized by an additional outer matrix). This could form the starting community for Hydra hatchlings eclosing from the cuticle. At present it remains unclear whether the environment within the cuticle is germ free or whether it is also colonized by specific bacteria. These bacteria could be of major importance for the eclosing process of the hatchling or for later development and growth. Recent evidence from humans suggests that such a scenario is not unlikely.
Collado and coworkers proposed that the stepwise microbial gut colonization process may be initiated already prenatally/in utero by a distinct microbiota in the placenta and amniotic fluid. 72 Whether a prenatal bacterial microbiota exists across the tree of life is as yet unknown.
After the Hydra hatchling successfully eclosed from the cuticle, 
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The succession of the microbial colonization of Hydra hatchlings was monitored for up to 15 weeks, 71 and found to go through defined and reproducible stages (Figure 2) . A high number and rich diversity of bacterial species characterized the initial colonization phase, which was replaced in the second week by a transient adult-like profile. Four weeks after hatching a stable adult-like pattern emerged, characterized by a low diversity microbiome that was dominated by the species that are characteristic for Hydra's adult stage with the predominance of Curvibacter sp. With the help of a theoretical model, the cause of the observed microbial colonization pattern was predicted to likely be caused by both, host factors, such as the innate immune system, and frequency-dependent bacteria-bacteria interactions. 71 The host immune response is thought to reduce the fluctuations in bacterial community dynamics, whereas the composition of a stable microbiome seems to depend upon initial colonization of one (later the most abundant) community member. 71 These results are in line with more general predictions, where one or few "keystone species" are founders of the community and
Box 2 Types of interactions between species
Interactions between organisms can generally be defined with the help of the 'intra-action compass', 88 which characterizes all possible interactions among members of the same or different species. Species interactions (in microbial communities) can be driven by diverse features such as metabolism, social traits (production of public goods), or environmental factors, like spatial organization. [89] [90] [91] [92] There are six different kinds of basal interaction patterns present in nature, which can be used to describe the ecological interactions between members of two different (microbial) species (for potential interactions within the metaorganism Hydra, see Deines and Bosch 24 ). For the species involved, interactions can have a positive (+), a negative (−), or no impact (0). When the interaction for the species involved is a win-win relationship (+/+) it is known as cooperation (in metabolic terms: syntrophy). Win-loss interactions (+/−) are classical predatorprey relationships (in metabolic terms: food chain with waste product inhibition). The loss-loss relationship (−/−) describes competition between species (in metabolic terms: substrate competition). Amensalism (0/−) is an interaction in which one partner is harmed without conferring an advantage to the other (in metabolic terms: waste product inhibition). In a commensalistic relationship (0/+), one partner benefits without helping or harming the other (in metabolic terms: food chain). But also no interaction (0/0) can be found between species (in metabolic terms: no common metabolites). [92] [93] [94] Disentangling the network of interactions between microbial species is challenging but a combination of bottom-up and top-down approaches is available, ranging from experimental (in vivo, in vitro) to in silico modeling approaches.
determine the ultimate composition and function of, eg, the human gut microbiome. This concept stems from conservation biology, but has successfully been transferred to bacterial community composition in a diverse range of ecosystems. 75, 76 It is thought that the host in turn controls his microbial community by managing the "keystone species", rather than controlling each microbial species of its rich microbial community individually. This has been also recently shown for plant microbiomes, 77 where particular microbes, termed "hub 
| Stability of bacterial communities in Hydra-The central role of competing forces
Bacterial communities are species assemblages that occupy a specific habitat where they compete for environmental resources. These complex multispecies communities can be remarkably stable and resilient, examples include microbial mats in the ocean and host-associated microbiomes such as the gut of many insects and animals and humans. 55, 58, 79, 80 A stable microbiome can also be observed in Hydra.
Here, polyps in their natural environment and individuals that have been maintained under laboratory conditions for >30 years harbor a surprisingly similar microbiome that is characterized by certain core community members. 41 The relevance of the concepts involved in retaining stability within microbial communities has been recently outlined by Shade et al. 81 They identify interactions between different bacterial strains and species as one important factor in maintaining community stability. The response of the community to perturbation accordingly also depends on the particular interspecies interactions, and cannot be predicted based on the sum of individual-species traits alone. 81 Studies have identified cooperation between microbial species as the interaction type that drives a productive and stable microbiome, eg, in the human gut. 82, 83 This view has been challenged by recent mathematical analyses 59 that predict cooperation among microorganisms to indeed increase microbiome productivity but to negatively affect microbiome stability. The counterintuitive result that cooperation between species is destabilizing is based on positive feedback loops that lead to runaway effects. 59 This means that unconstrained cooperation leads to an ever-increasing abundance of the cooperating species, which in turn can result in the collapse of competing populations and eventually in the destabilization of the whole community. 84 Until very recently models predicted that high species diversity hinders community stability. 85, 86 This is in contrast to empirical observations where the opposite has been observed, eg, in the human microbiome. 79, 87 These models focused on species networks with a random distribution of interaction types (Box 2). Most recently, however, in ecological network models, Coyte et al. 59 introduced negativefeedback loops by increasing the number of competitive interactions in the network. This resulted in a stabilizing effect on the community.
These models predict that competition between various members of the bacterial community is the main factor for maintaining a stable microbiome.
Even though models are valuable for making predictions, tractable experimental model systems are needed to be able to test these.
Concerning interactions within the bacterial microbiome, testing the aspects leading to stability is of great importance, as also pointed out by Fischbach and Segre. 56 We are certain that the Hydra model will make a useful contribution in understanding host-associated microbial communities, as we are currently collecting data on the strength and nature of the ecological interactions between its different microbial species ( Figure 1 ).
Another factor facilitating the stability of its microbiome is the host itself. 59 This could potentially have a negative effect on the positive feedback loop between these two microbial cooperating species, as AMPs are known to selectively target specific taxa, while not affecting others. 96 Nevertheless, the observation still needs to be experimentally tested to confirm causality. (ii) spatial segregation reduces between-species contact and so minimizes interactions. After microbes adhere to surfaces they start to grow, divide, and interact with each other forming matrix-embedded communities, termed biofilms. The structure of these communities can be either a disordered mixture of strains or it can become highly structured such that the final community contains large patches of single species. 97 The same principles can be assumed to apply for Hydra's ectodermal glycocalyx surface, a habitat for a complex microbial community. Very recent findings provide the first evidence that Hydra's microbiome is spatially structured. Augustin et al.
(personal communication) show that a specific host neuropeptide in Hydra leads to a spatial distribution along the body axis of the main colonizer Curvibacter sp. (Figure 1 ). (iii) Provisioning of carbon sources via epithelial feeding minimizes cross-feeding between microbes. For humans it is well established that the gastrointestinal mucus layer not only limits the contact between microbes and epithelial cells but also serves as a food source for many gut bacteria. 98 The types of modifications of mucins and the downstream effects on community members are complex but it has been hypothesized that carbohydrates play an important role in the interaction between host and microbes. 99 There is also evidence from corals that the mucus is used by commensal bacteria, 100 which strongly suggests that such metabolic interactions are also present between Hydra's glycocalyx and its microbiota-an aspect that is currently under investigation.
| WHICH ROLE DO VIRUSES PLAY IN THE COMPETING INTERACTIONS?
The freshwater polyp Hydra is not only associated with bacteria they feature a diverse eukaryotic viral community and bacteriophages. Eukaryotic viral community identified in Hydra affiliate to, eg, Phycodnaviridae, Herpesviridae, Baculoviridae, and Poxoviridae. are common and present in all domains of life. Also Hydra is associated with a species-specific persistent viral community that can be expected to modulate Hydra's functions.
| Host-virus interaction
In the same way host has evolved to control viral infections, viruses Along the phylogenetic tree herpesviruses are present in a variety of animals, ranging from molluscs, 108 fish, [109] [110] [111] birds, 112 to humans, among others. This ancient association between herpesviruses and metazoans has coevolved a strong interaction of herpesviruses and their hosts. 113 In Hydra and corals herperviruses are one of the most abundant viruses representing more than 50% of the associated eukaryotic viral community 100, 107 and there is first evidence that they play a beneficial role in sustaining coral health. capsids. 138 While this observation can be interpreted on one hand as host-derived protection of its associated bacteria against phage infection, the authors hypothesize that the presence of phages at the outer mucus layer could serve as a non-host-derived immune defense. While the function of phages within host-derived mucus layers is still in its infancies more research has been conducted on bacterial biofilms.
| Virus-bacterial interaction
Similar to bacterial communities that live within host-derived mucus layer, biofilm bacteria live in a three-dimensional matrix of exopolysaccharides (EPS). Living within a biofilm not only protects bacteria from physicochemical stress, it also protects bacteria from phage infections.
Some phages have adapted to this environment and carry polysaccharase to actively degrade EPS-enabling attachment to bacterial surfaces for infection. 139 Analogous to biofilms phage invasion of the mucuslike layer of Hydra can be expected to afford evolutionary adaptation to overcome this natural barrier. Nevertheless, bacteria living in the periphery are more likely to get infected than those deeper inside.
Recently, we have analyzed the phage community composition of different Hydra species and revealed that Hydra is associated with a species-specific phage community. 100 It can be expected that the phage population is composed of transient phages by meaning phages that originate from the surrounding water and adhere to Hydra's surface or infect Hydra's associated microbiota and of a resident phage community. First insides into the resident phage population we gained by simple bacteria-bacteria interaction experiments between the most dominant bacterial colonizer of Hydra Curvibacter sp. and the second abundant bacteria Duganella sp. in vitro. 67 The observed frequency- 
